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Supplementary Figure 1 Lithium inflow to global vehicle fleet. The subfigures
indicate lithium inflow associated with vehicle manufacturing under scenario D2 (a),
D3 (¢), D4 (e); lithium inflow associated with battery replacement under scenario D2
(b), D3 (d), D4 (f). For ease of comparison, all figures are plotted using the same
vertical axis scales. PV: Passenger Vehicle; LC: Light-duty Commercial vehicle; RT:
Medium-duty truck; TT: Heavy-duty truck; HB: Heavy-duty Bus. Source data are
provided as a Source Data file.
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Supplementary Figure 2 Lithium outflow from global vehicle fleet. The subfigures
indicate lithium outflow associated with end-of-life vehicles under scenario D2 (a),
D3 (¢), D4 (e); lithium outflow associated with battery replacement under scenario D2
(b), D3 (d), D4 (f). For ease of comparison, all figures are plotted using the same
vertical axis scales. Source data are provided as a Source Data file.
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Supplementary Figure 3 Lithium stock in global vehicle fleet. The subfigures
indicate lithium stock under scenario D2 (a), D3 (b), D4 (¢). Source data are provided
as a Source Data file.
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Supplementary Figure 4 Assumptions for global vehicle sales by region (a)/vehicle
type (b), scrappage by region (¢)/vehicle type (d) and stock by region (e)/vehicle type
(f). The region categorization is based on IPCC RC10 '. NAM: North America; WEU:
Western Europe; POECD: Pacific OECD; EAS: East Asia; SAS: South Asia; PAS:
South-East Asia and Pacific; LAM: Latin America and Caribbean; EIT: Economies in
Transition; SSA: Sub-Saharan Africa; MNA: Middle East and North Africa. Source
data are provided as a Source Data file.
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Supplementary Figure 5 Assumptions for market penetration of advanced vehicle
powertrain technologies. The subfigures indicate powertrain mix of LDVs in MDCs
(a), LDVs in LDCs (b), HDVs in MDCs (¢) and HDVs in LDCs (d). China, as an
exception, uses the MDC assumptions considering its ambitious target in promoting
PEVs. LDV: Light-duty vehicle (PV+LC); HDV: Heavy-duty vehicle (RT+TT+HB);
MDC: More Developed Countries (NAM+WEU+POECD); LDC: Less Developed
Countries (EAS+SAS+PAS+LAM+EIT+SSA+MNA); ICEV: Internal Combustion
Engine Vehicle; HEV: Hybrid Electric Vehicle; PHEV: Plug-in Hybrid Electric
Vehicle; FCV: Fuel Cell Vehicle; BEV: Battery Electric Vehicle. Source data are
provided as a Source Data file.
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Supplementary Figure 6 The assumptions for vehicle electric range. Source data are
provided as a Source Data file.
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Supplementary Figure 7 The energy consumption rates of BEVs. The subfigures
indicate energy consumption rates for PV (a), LC (b), RT (¢), TT (d), and HB (e). The

results are based on the case I electric range assumptions. Data are collected with the
2,3,4,5,6,7
T ERA

authors’ best efforts from a wide range of literatures and industry experts

geographic similarity approach is taken, that is, the vehicle specifications in countries
other than G20 countries follow the G20 country in the same geographic region.
There is little country-specific vehicle specifications for LC and HB, for which their
vehicle specifications are assumed to be the same globally. Source data are provided
as a Source Data file.
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Supplementary Figure 8 The energy consumption rates of PHEVs. The subfigures
indicate energy consumption rates for PV (a), LC (b), RT (¢), TT (d), and HB (e).
Source data are provided as a Source Data file.
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Supplementary Figure 9 The battery capacities of BEVs. The subfigures indicate
battery capacities for PV (a), LC (b), RT (¢), TT (d), and HB (e). The results are based
on the case I electric range assumptions. Source data are provided as a Source Data

file.
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Supplementary Figure 10 The battery capacities of PHEVs. The subfigures indicate
battery capacities for PV (a), LC (b), RT (¢), TT (d), and HB (e). Source data are
provided as a Source Data file.
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Supplementary Figure 11 The vehicle lifespan assumptions. Data are collected with
the authors’ best efforts ©*” ', Due to lack of data, a geographic similarity approach
is taken to estimate vehicle lifespan in countries where data is not available. To ensure
data quality, the investigated country-specific vehicle lifespans are further coupled
with the country-specific vehicle energy consumption rate data to calculate the
country-specific energy demand from the road transport sector. These estimated
energy demands are compared with existing energy statistics to further calibrate the
vehicle lifespans. Source data are provided as a Source Data file.
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Supplementary Figure 12 The assumptions for battery cycle life. Source data are
provided as a Source Data file.
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Supplementary Table 1 A summarization of the literatures investigating the resource constraints for vehicle electrification and their major

conclusions.
Author | Year _ Resource implications :
Lithium Cobalt Nickel
Lithium recovery from EV battery
. recycling could result in a significant
Ziemann e
ot al 2018 | oversupply of secondary material if its
' quality is not high enough to allow for
reprocessing in battery production.
Deetman The demand for lithium and cobalt is expected to increase by a factor 10 to more
2018 . .
et al. than 20, as a result of future (hybrid) electric car purchases.
A comparison of the calculated demands | Today’s identified reserves are already | For nickel, it has already been
with today’s identified reserves does not | found to be strained with regard to the | reported that there is a supply risk in
Vaalma et o . . ) . . .
al 2018 | indicate that a depletion of the identified | accumulated production of 35 years. the medium to long term owing to
' reserves will occur in the short to the demand of other industries.
medium term.
In our set of ten elements, a substantial future demand was only identified for | An increase in use of the eight other
Helbig et 2018 lithium and cobalt with growths of 390% and 90%. elements for rapidly evolving future
al. technologies could occur as well, but
not on a large scale.
Cumulative Li demand by 2100 in | There have been almost no assessments
Harve 2018 scenarios that see a complete transition | of supply constraints on Co, which is
Y of the global LDV fleet to EVs could | used in NCA and NCM batteries.
exceed the usable Li resource.
de Koning 2018 For lithium, the current economic The high estimate of cumulative
et al. reserves as known in 2000 are not demand for nickel until 2050 can be

14



sufficient to meet the cumulative
demand for these metals until 2050.

met by the
economic reserves of metals.

currently known

With a view to
the cumulative demand for

currently known
reserves,

With a view to
the cumulative demand for

currently known
reserves,

Pehlken et 2017 battery technology projected in the | battery technology projected in the
al. dominant scenario will consume 74-248 | dominant scenario will consume 50 % of
% (for two different cases) of the lithium | the cobalt reserves by 2050.
reserves by 2050.
The availability of Li has proved to be a | Our analysis finds that while Co supply | Even the high demand is only 22% of
Olivetti ot controversial topic. will meet demand for the lower | Niproduction in 2015.
al 2017 estimates of demand for LIBs, there is a
potential for availability concern if there
is rapid vehicle adoption.
Ultimately, the rise of the global electric
Narins 2017 | car industry will not be constrained by
lithium availability.
These projects with an annual
Martin et production volume >20,000 t LCE will
al 2017 | be able to extract 169,000 t LCE per
year and consequently should meet the
requested demand.
If our basic simulation assumptions are
Sverdrup | 2016 | right, the lithium resources will be
largely exhausted by 2400.
Simon et 2015 In the case of a hypothetical European | Demand on cobalt and manganese are | In the case of a hypothetical
al. production of future traction battery | found to be far below the available | European production of future

15



cells, shortage in European lithium
reserves might be expectable at around
2025.

European reserves.

traction battery cells, shortage in
European nickel reserves might be
expectable at around 2025.

Under this rate of production growth, it

Speirs et is plausible that lithium supply will meet
2014 | . : s
al. increasing lithium demand over the
coming decades to 2050.
Richa et 2014 A number of uncertainties still exist, and exact estimation of future waste flows will depend on the ability to further refine
al. the forecasts of EV sales, battery and EV lifespan, and trajectories of battery technology deployment.
If very large numbers of EVs are | The demand for cobalt for the | The demand for nickel to make 20
manufactured for many decades, then in | production of 20 million batteries per | million EV batteries per year would
the long term some of the rarer | year would be about equal to current | be two orders of magnitude larger
Delucchi 2014 materials, such as neodymium, platinum | world mine production of cobalt, and | than current world mine production.
et al. and lithium (in batteries), will have to be | would deplete current cobalt reserves in
recycled or eventually replaced with | less than 60 years (and deplete cobalt
less-scarce materials unless additional | resources in about 120 years)
resources are located.
We find that the availability of lithium
Vikstrom could in fact be a problem for fulfilling
2013 . e .
et al. this scenario if lithium-ion batteries are
to be used.
The results of this research show that
Miedema 2013 undersupply can be expected in the
et al. EU27 until 2045 somewhere between
0.5 Mt and 2.8 Mt.
Mohr et | 2012 | The lithium market can expand for

16



al.

several decades with no shortages in
lithium likely.

Kushnir et
al.

2012

The presently known lithium resources
excluding the ocean will only be
exhausted this century if large scale use
of predominantly BEV sized batteries
comes into play, or if batteries are not
recycled. This same resource will extend
into next century for low vehicle count
scenarios with plug in hybrids and high
recycling rates.

Keoleian
et al.

2012

Although demand for lithium could
increase significantly, its supply is ample
to meet demand well beyond
midcentury.

Grosjean
et al.

2012

This is a very reassuring figure that
comforts us in the idea that there is
globally enough lithium on Earth to

supply.

Wanger

2011

I use cumulative data of vehicle, mobile
phone, laptop, and digital camera
production to show that demand will
overshoot the available global Lithium
resources before 2025.

Gruber et

2011

We conclude that even with a rapid and

Cobalt, used in nickel-metal hydride
(NiMH) batteries for current hybrid

electric vehicles, is not expected to reach
a critical supply level in the next 15
years.
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al. widespread adoption of electric vehicles
powered by lithium-ion batteries,
lithtum resources are sufficient to
support demand until at least the end of
this century.

The shape of the lithium cumulative
availability  curve indicates that

Yaksi .
a asllc ct 2009 | depletion is not likely to pose a serious
’ problem over the rest of this century and
well beyond.
It is reasonable to expect the lithium | [f NCA-G were the only chemistry used,
Gaines et production industry to be able to expand | cobalt use could make a dent in the
2009 . .
al. at the relatively slow rate required to | reserve base by 2050.

meet automotive battery demand.

- - 11,12, 13, 14, 15, 16, 17, 13, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35
Note: the table is summarized based on references .
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Supplementary Table 2 The accumulated lithium demand and recycling under different scenarios.

Vehicle manuf.

Battery replacement

Total (Vehicle manuf. +
battery replacement)

DI D2 D3 D4 DI D2 D3 D4 DI D2 D3 D4
PV 329 329 329 329 0.0 0.0 0.0 00| 329 329 329 329

LC 197 197 197 197 0.0 0.0 0.0 00| 197 197 197 197

RT 0.0 6.9 4.1 4.1 0.0 0.1 1.6 0.0 0.0 7.0 5.7 4.1

Inflow TT 0.0  13.9 8.4 8.4 0.0 133 173 5.4 0.0 273 257 139
d(e(;l:’lf;) HB 0.0 13 0.8 0.8 0.0 1.4 1.7 0.5 0.0 2.7 25 13
LDV | 526 526 526 526 0.0 0.0 0.0 00| 526 526 526 526

HDV 0.0 222 133 133 0.0 148  20.6 6.0 0.0 369 339 193

Total | 526 747 658  65.8 0.0 148 207 60| 526 8.5 8.5 718

PV 217 217 217 217 0.0 0.0 0.0 00| 217 217 217 217

LC 114 114 114 114 0.0 0.0 0.0 00| 114 114 114 114

RT 0.0 3.8 23 23 0.0 0.1 1.6 0.0 0.0 3.9 3.9 23

Outilow TT 0.0 9.4 5.7 5.7 0.0 133 173 5.4 0.0 227 230 112
HB 0.0 0.9 0.5 0.5 0.0 1.4 1.7 0.5 0.0 23 22 1.1

LDV | 331 331 331 331 0.0 0.0 0.0 0.0 331 331 331 331

HDV 0.0  14.1 8.5 8.5 0.0 148  20.6 6.0 0.0 289 292 145

Total | 331 472  41.6  41.6 0.0 148 207 60| 331 620 623  47.6

Recycling | PV 173 173 173 173 0.0 0.0 0.0 00| 174 174 174 173
LC 9.1 9.1 9.1 9.1 0.0 0.0 0.0 0.0 9.1 9.1 9.1 9.1

RT 0.0 3.1 1.8 1.8 0.0 0.1 13 0.0 0.0 3.1 3.1 1.8

TT 0.0 7.5 4.6 4.6 0.0 107 138 44 0.0 182 184 8.9

HB 0.0 0.7 0.4 0.4 0.0 1.1 1.4 0.4 0.0 1.8 1.8 0.9
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LDV 26.5 26.5 26.5 26.5 0.0 0.0 0.0 0.0 26.5 26.5 26.5 26.5
HDV 0.0 11.3 6.8 6.8 0.0 11.8 16.5 4.8 0.0 23.1 23.3 11.6
Total 26.5 37.8 33.3 33.3 0.0 11.8 16.5 4.8 26.5 49.6 49.8 38.1
PV 15.6 15.6 15.6 15.6 0.0 0.0 0.0 0.0 15.6 15.6 15.6 15.6
LC 10.5 10.5 10.5 10.5 0.0 0.0 0.0 0.0 10.5 10.5 10.5 10.5
RT 0.0 3.8 2.2 2.2 0.0 0.0 0.3 0.0 0.0 3.8 2.6 2.2
Net demand TT 0.0 6.4 3.9 3.9 0.0 2.7 3.5 1.1 0.0 9.1 7.3 4.9
HB 0.0 0.6 0.4 0.4 0.0 0.3 0.3 0.1 0.0 0.9 0.7 0.5
LDV 26.1 26.1 26.1 26.1 0.0 0.0 0.0 0.0 26.1 26.1 26.1 26.1
HDV 0.0 10.9 6.4 6.4 0.0 3.0 4.1 1.2 0.0 13.8 10.6 7.6
Total 26.1 36.9 32.5 32.5 0.0 3.0 4.1 1.2 26.1 39.9 36.7 33.7

20



Supplementary Table 3 The basic assumptions behind the demand scenarios.

Scenario | Scenario | Scenario | Scenario
D1 D2 D3 D4
Market Casel v
: (LDV)
penetration of Case 11
PEVSs e J J J
(LDV+HDV)
Case I' (Normal J J
. electric range)
Electric range
Case IT (Reduced J J
electric range)
Case I (Unchanged J J J
Battery battery durability)
durability Case II (Improved J
battery durability)

Note: Four demand scenarios (D1/D2/D3/D4) are established to reflect future lithium
demand under different market and technological circumstances.
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